Background-Interactions between mononuclear cells, vascular endothelium, fibroblasts, and cytokines during the in-
centuated staining of extracellular matrix was seen both in the granulomas and in the peri-granulomatous regions. Less prominent staining was observed using antibodies against interleukin 1p and a-smooth muscle actin (a-SMA). Biopsies of Heaf reactions revealed cells staining for IL-1p, tumour necrosis factor a (TNF-a), platelet derived growth factor B (PDGF-B), and fibronectin which were detected as early as day 1 and persisted throughout the 14 day study period. Cells staining for PCP-1 increased to greatest abundance at day 14. All these cytokines were present in low abundance in biopsy specimens from sites inoculated with saline only. Conclusions -Evidence is provided that granulomas in tuberculosis and sarcoidosis behave as active centres of fibrogenesis. Using the Heaf model, the temporal relationship between the early appearance of cytokines and the later increase in the collagen precursor PCP-1 linked the immune mediated chronic inflammatory response with subsequent fibrosis and suggested that the tuberculin Heaf reaction will serve as a model for studying the early events of granuloma formation in patients with tuberculosis and sarcoidosis. (Thorax 1996; 51:1253 -1261 Keywords: type I procollagen, delayed type hypersensitivity reaction, tuberculin, immunohistochemistry, granuloma.
Granulomatous diseases such as sarcoidosis and tuberculosis commonly evolve towards irreversible lung scarring.' In the skin tuberculosis (particularly the lupus vulgaris form) causes fibrosis. Scarring is less common in sarcoidosis of the skin, except in the papular and annular forms,2 although the immunohistology of skin granulomas in patients with sarcoidosis is similar to that of granulomas found in other organs such as lung and lymph nodes. 3 The inflammatory response in both diseases is characterised by T cell and macrophage activation, a delayed type hypersensitivity (DTH) response, and the presence of inflammatory cytokines. 4 Thus, these diseases may represent models in which to understand the relationship between immune mediated inflammation and fibrosis, as well as serving as human disease models for other fibrotic lung diseases. 5 Cytokines implicated in the progression from chronic inflammation to fibrosis include interleukin 1 3 (IL-1 P) 67 and tumour necrosis factor a (TNF-a). The latter plays a central role in the evolution of pulmonary fibrosis89 as well as in granuloma formation and maintenance, both in the mouse'0 and in humans." Both IL-1B and TNF-cx are considered the primary recruiters of cells in granuloma growth. 12 Other cytokines such as transforming growth factor p (TGF-p) and platelet derived growth factor (PDGF) are important regulators of tissue repair, but may result in unresolved inflammation and fibrosis when present in excess quantities.3-1' There is evidence implicating both PDGF'6 ' and TGF-P' ' in the progression from chronic inflammation to fibrosis in tuberculosis and sarcoidosis.
The final common pathway in wound healing and granulomatous fibrotic reactions is the synthesis of collagen by fibroblasts, particularly the type I isoform,20 as well as other matrix proteins such as fibronectin.2' Myofibroblasts are specialised fibroblasts with morphological and functional features of smooth muscle differentiation, one of a number of spindleshaped interstitial cells capable of actively producing matrix proteins and participating in the formation of granulation tissue. They are thought to be responsible for the production of connective tissue components which characterise fibrotic situations.22 Their hallmark is the production of oc-smooth muscle actin which may be induced in some situations by In the present study we hypothesised that the chronic inflammatory response within cutaneous granulomas of tuberculosis and sarcoidosis is intimately associated with the progression to fibrosis. Biopsy specimens from cutaneous tuberculous and sarcoidosis lesions were examined by conventional immunohistochemical techniques to investigate the local production of these cytokines, fibrogenic growth factors, and matrix proteins. These procedures were performed under sterile conditions using subcutaneous local anaesthesia (1 ml 1 % lignocaine in adrenaline 1 in 100 000). One biopsy specimen was fixed in 10% phosphate buffered formal saline and embedded in paraffin wax within 24 hours.
Sections (5) (6) [tm thick) were cut for immunohistochemical examination with antibodies to type 1 procollagen (carboxy terminal domain), fibronectin, IL-lot, and oa-smooth muscle actin. The other biopsy specimen was snap frozen in a bath of liquid nitrogen at -70°C in the preservative Cryo-M-bed (Bright Instruments Ltd, Huntingdon, Cambridgeshire, UK). Sections (3-4 pim thick) were cut on a cryostat for immunohistochemical examination with antibodies to TNF-ot and PDGF-B.
All subjects gave their informed consent and the study was approved by the Parkside Area Health Authority ethics committee.
IMMUNOCHEMICAL EXAMINATION
Sections from each paraffin wax biopsy specimen were dewaxed, rehydrated, and treated with 3% hydrogen peroxide in methanol to quench the activity of endogenous peroxidase. The sections were washed in phosphate buffered saline (PBS, pH 7.2) and trypsinised (0.5% trypsin and 0.5% chymotrypsin, Sigma Chemical, Poole, Dorset, UK) for 10 minutes for type 1 procollagen, IL-1, and ot-smooth muscle actin and 20 minutes for fibronectin. Non-specific protein binding was blocked with 1:5 normal porcine or rabbit serum (Dako Ltd, High Wycombe, Buckinghamshire, UK) in PBS. Frozen biopsy specimens were air dried for 10 minutes, fixed in acetone for 10 minutes, and washed in PBS for five minutes. The primary antibodies used in this study were monoclonal anti-human recombinant TNF-oc (TCS Biologicals Ltd, Buckinghamshire, UK), rabbit anti-human IL-1 , and rabbit anti-human PDGF-BB (Genzyme, Cambridge, Massachusetts, USA), rabbit anti-human pan-TGF-1 (R&D, Abingdon, Oxon, UK), monoclonal mouse anti-human muscle actin (Dako Ltd), rabbit anti-human fibronectin (Sigma Chemical), and rabbit anti-human type 1 procollagen. This antibody is raised against the carboxy terminal domain of procollagen type I peptide which is cleaved enzymatically during the formation of collagen I and therefore detects cells actively synthesising collagen27 (gift from M J Warburton, St George's Hospital, London, UK28).
The antibodies were diluted in 1:20 porcine or rabbit serum in PBS. The sections were incubated with the optimal dilution ofthe primary antibodies for one hour in a humidifying chamber at room temperature (1:400 for type 1 After colour development slides from the Heaf biopsy specimens were scored in a coded fashion by a blinded observer as follows. Slides of paraffin wax sections (stained for type 1 procollagen, IL-13, oa-smooth muscle actin, and fibronectin) were scored by counting the numbers of positively staining nucleated cells, expressed as number/mm2 grid (Graticules Ltd, Tunbridge, Kent, UK), at three levels of dermis (superficial, middle and deep) from both perivascular infiltrates and interstitial dermis infiltrates (areas of dermis selected not associated with vessels or sweat glands) and the mean calculated for each. Direct counting of cells in the frozen sections was not possible as their quality was not as good as the paraffin sections so each slide (stained for TNF-oa or PDGF-B) was given an intensity score on a semiquantitative scale. Counting and grading of slides was performed by an observer blind to the code of the study. Specificity was ascertained when the primary antibody step was omitted or sections were treated with purified non-immune rabbit or mouse serum (Dako Ltd).
STATISTICAL ANALYSIS
Results are expressed as mean (SE). The 95% confidence intervals (CI) for the difference between the two means (tuberculin Heaf test against control for days 3 and 14) were calculated using the confidence interval analysis programme (British Medical Journal, London, UK).
Results

TUBERCULOSIS GRANULOMA BIOPSY SPECIMENS
There was evidence of active synthesis of collagen both inside and outside the granulomas of all biopsy specimens examined. Numerous cells with fibroblast morphology staining positively for type 1 procollagen were seen scattered throughout the granuloma core and there was matrix staining around the margins of the granulomas which served to delineate one granuloma from another ( fig 1 a and b) . In addition, there was marked staining with antibodies to TGF-,B and fibronectin both in fibroblasts and in the extracellular matrix surrounding the granulomas, but not inside the granulomas themselves (fig 2c, d and vascular and dermal infiltrates which remained prominent in biopsy specimens collected throughout the 14 day study period (fig 3a) . Cells staining positively were mainly found within cell aggregates (fig 4a) . Figure 2 Photomicrographs of skin sections of cutaneous sarcoidosis granulomas stained with (a) anti-human transforming growth factor antibody and (b) anti-human fibronectin antibody demonstrating abundant staining throughout the granulomas, skin sections of cutaneous tuberculosis granulomas stained with (c) anti-human transforming growth factor and (d) anti-human fibronectin antibody demonstrating marked intracellular and extracellular staining in the granuloma rim but not within the granuloma, and sections of (e) cutaneous sarcoidosis and (9 tuberculosis granulomas with purified non-immune serum replacing primary antibody step omitted to confirm specificity of antibody staining.
Tumour necrosis factor ox Abundant staining, most marked within the perivascular infiltrates in the skin biopsy specimens from tuberculin inoculated subjects, was observed from day 1, peaking at day 3 (fig 4d) , and remaining increased until day 7 Increased amounts of type 1 procollagen in granulomas of tuberculosis and sarcoidosis have not been reported previously. Antibodies to type 1 procollagen detect the terminal peptides of procollagen which are cleaved during the formation of mature collagen.27 The staining for type 1 procollagen, which was especially prominent in the tuberculous granulomas, therefore indicated that active production of new collagen was occurring. The observation that areas of extracellular matrix stained for type 1 procollagen may be the result of staining of newly cleaved carboxy terminal type 1 procollagen propeptide, since it is known that these cleavage reactions take place extracellularly,3' although these molecules are removed relatively quickly by extracellular endopeptidases. Alternatively, the staining that appears to be extracellular is, in fact, delicate strands of fibroblast cytoplasm. Lastly, this staining may be type 1 group.bmj.com on June 21, 2017 -Published by http://thorax.bmj.com/ Downloaded from nature of lupus vulgaris observed clinically. It is unclear whether the increases in type 1 procollagen and TGF-P are causally linked since co-localisation of the staining was not determined in these biopsy specimens.
By contrast, the increase in the pro-inflammatory cytokine IL-1 1B was less marked in the mature granulomas of patients with tuberculosis and sarcoidosis. The limited amount of IL-1p in the giant cells and epithelioid cells of tuberculosis and sarcoidosis granulomas is in keeping with studies which suggest that IL-1I may be important only in the early recruitment stages of granuloma formation while TNF-ct may take part in later maintenance or effector functions of granulomas. ' l Expression of fibronectin was prominent in the skin sections of granulomas from patients with both tuberculosis and sarcoidosis which may implicate fibronectin in the pathogenesis of granulomas. Synthesis of these proteins provides an extracellular matrix which may promote both cell migration (important in the evolution of the granuloma) and maintenance of granuloma integrity in the setting of considerable cell turnover. 34 The presence of excess amounts at the interface of the capsule and the cellular core in all the biopsy specimens examined adds support to the hypothesis that this is a region of active fibrogenesis. The persistence of fibronectin within granulomas may contribute to the balance between resolution and progression to fibrosis in both tuberculosis and sarcoidosis, as is the case in granulomatous skin lesions of leprosy35 and hepatic schistosomiasis. 36 In a previous study the presence of increased amounts of TGF-1 was found to precede an increase in expression of type 1 procollagen mRNA and protein in the tuberculin Heafbiopsy model. 37 In the present study, using the same experimental model, the temporal sequence of events involving the expression of cytokines, the appearance ofgrowth factors, and the production of components of the extracellular matrix was defined in detail. that PPD stimulated lymphocytes produce interferon y which, in turn, increases the abundance of PDGF-B mRNA in macrophages. '6 The expression of fibronectin by cells in the Heaf biopsy specimens occurred as early as day 1 and was maintained for 14 days. One explanation is that the cells that stained within hours of the Heaf test insertion are, in fact, T cells and that, following the antigenic stimulus, these T cells express T cell fibronectin, a cytokine recently implicated in the initiation of delayed type hypersensitivity reactions. 38 We were not able to confirm this by double staining in the present study. The accumulation of fibronectin later on in the reaction might be a consequence of fibronectin production by the excess numbers of macrophages and fibroblasts prominent in the reaction at later stages. The role of fibronectin might now be in cell adherence and enhancing wound healing by the provision of a scaffold upon which collagen and other extracellular matrix proteins are deposited. The antibody used in the present study was raised against total fibronectin so T cell fibronectin, which shares many epitopes with other fibronectins, will cross react with epitopes present on both plasma and cellular fibronectin.39 Finally, it is possible that some of the perivascular fibronectin staining may have resulted from leakage from the circulation.
Unlike the situation in tuberculosis and sarcoidosis where few cells staining positively for oc-smooth muscle actin were detected, myofibroblasts were observed to be increased in number following the Heaf test. This is in line with other reports which have indicated the persistence of excess numbers of cells staining positive for ot-smooth muscle actin in other fibrotic reactions.40 It is likely that these cells play a part in the early stages of a lymphocyte mediated inflammatory reaction, but they may not be involved in the fibrotic process associated with mature granulomas.
The previous observation of an increase in new collagen formation in association with a Heaf reaction37 was confirmed in the present study. The time course of the new collagen production indicated that it followed the increase in expression of inflammatory cytokines, growth factors including PDGF-B and TGF- 
